Thin films of SrTiO 3 (STO) and Rh-doped SrTiO 3 (Rh-STO) were synthesized by sol-gel method and loaded with Ag nanoparticles. Pristine STO films exhibited anodic photocurrent while Rh-STO exhibited cathodic photocurrent. An enhancement in the overall cathodic photocurrent is observed with Ag nanoparticle loading and an additional enhancement in the visible light range is seen from the incident photon-to-current efficiency spectrum due to synergetic effect of Rh doping and Ag loading in STO. C 4 have been investigated as candidates for solar energy conversion materials but their ability is limited by the positions of band edges with respect to the redox potentials, weak optical absorption in the visible light range, or short lifetimes of photoexcited carriers. [5] [6] [7] Recently, SrTiO 3 (STO) has been widely investigated for photocatalytic water splitting since both hydrogen and oxygen evolution reactions are possible without applying an external bias potential. However, its ability to harness visible light is impeded since its band gap lies in the UV region. [8] [9] [10] Various efforts have been taken to improve the visible light harnessing ability of the STO by doping with transition elements such as Cr 3+ , La 3+ , and Rh 4+ . [10] [11] [12] [13] [14] Particularly, Rh doping has generated interest not only for improving the visible light harnessing ability, but also inducing p-type nature in the electrochemical reaction producing cathodic photocurrent. [14] [15] [16] [17] In addition, visible light harvesting ability of the oxides semiconductors can be enhanced with the incorporation of metal nanoparticles (NPs). [18] [19] [20] It has been shown that the localized surface plasmon resonances (LSPRs) exhibited by the metal nanoparticles create strong local electric field at the metal/oxide interfaces, which promotes the concentration of photon energy at the interfaces and provides sufficient energy to inject electrons from metal nanoparticles into semiconductors. This mechanism enables light absorption in the visible light range and is termed as hot electron injection that has been successfully applied to Au/TiO 2 , Au/SrTiO 3 , etc., in enhancing the anodic photocurrent in oxide semiconductors. [18] [19] [20] [21] [22] [23] [24] However, the role of metal nanoparticles in visible light harvesting ability and cathode photocurrent enhancement has not been fully explored yet. Here, we investigate the effects of Rh doping on the structural as well as optical properties of STO thin films and plasmon-enhanced photocurrent a Authors to whom correspondence should be addressed. with Ag nanoparticle loading. We conclude that Rh doping and coupling with Ag nanoparticles can effectively enhance the cathodic photocurrent in the visible region. Rh doped STO nanofilm (Rh-STO) is prepared as follows. STO precursor solutions were prepared using strontium acetate hemihydrate and titanium tetra-n-butoxide as starting materials, and acetic acid, 2-methoxyethanol, and acetylacetone as solvents. Strontium acetate was initially dissolved in glacial acetic acid denoted as solution A and was stirred for 1 h at 60
• C. Titanium tetra-n-butoxide mixed with 2-methoxyethanol and acetylacetone denoted as solution B was stirred separately at 25
• C for 1 h. Solution B was then added to solution A dropwise under constant stirring and the mixture was then stirred at 60
• C for 1 h. For rhodium doping, stoichiometric amount of rhodium oxide is added to the solution to obtain the ratio (Sr 0.95 , Rh 0.05 ) TiO 3 . Here, we attempted Sr site substitution for Rh doping which has not been investigated very much compare to Ti site. The obtained solution was spin-coated on Si substrate; ITO glass and wet films were left to dry at 60
• C for 12 h. In order to crystallize, the films were annealed at 600
• C for 1 h. It is noted that the current fabrication method yields highly two-dimensional film morphology as well as very smooth surfaces (roughness in r.m.s. 0.7 nm). Ag or Au plasmonic nanoparticles were fabricated on top of Rh-STO films by depositing Ag/Au film of 3 nm in thickness on Rh-STO films (Ag/Rh-STO and Au/Rh-STO) by thermal evaporation (in base pressure below 10 −4 Torr) and then annealing the films at 300
• C in air and in N 2 for Au and Ag, respectively. The morphology of the nanocomposites was characterized using a field emission scanning electron microscope (FE-SEM, Hitachi, 5 kV operating voltage). The crystal structures of the STO films were characterized by an X-ray diffractometer (XRD, smartlab, Cu Ka) with films coated on Si substrate. Optical transmittance of each sample was examined using a UV-VIS spectrometer (JASCO V-570) at room temperature. For the photocurrent measurements, a simple PEC cell was used, with photoelectrodes made from STO, Rh-STO, Ag/Rh-STO, and Au/Rh-STO. These STO and Rh-STO were spin coated on ITO substrates and annealed further after the deposition of Au or Ag to form NPs as described earlier. The annealed films were connected to a high-purity copper wire using silver paste, and an insulating epoxy layer was then used to cover all excess ITO surfaces on the edge of the ITO glass to prevent short-circuit currents. The PEC cell measurements were carried out with the catalyst photoelectrodes, a Pt zigzag wire acting as the counter electrode, and Na 2 SO 4 solutions (0.5M) acting as the electrolyte. A standard AM 1.5 G solar simulator (JASCO Otentosun) with a power density of 100 mW/cm 2 was used as the light source for the PEC cell. For the wavelength dependent photocurrent measurements, a wavelength tunable light source (Bunkyukeoki, Niji2) was used.
XRD patterns of the STO and the Rh-STO films are shown in Figure S1 (a) in the supplementary material. 32 The doped films have nearly the identical crystal structure as the pure STO film, indicating that doping Rh cations does not result in the formation of segregated Rh phase and the film is a single phase. A closer examination of the 110 peak of pure and Rh-STO films ( Figure S1(b) 32 ) reveals a noticeable peak shift towards the lower theta angle, which suggests a moderate lattice expansion caused by the doping. In our experiment, we intended to substitute Sr 2+ (ionic radius 0.118 nm) with Rh 3+ (ionic radius 0.080) in the STO lattice, but the observed XRD pattern shows lattice expansion contrary to our expectation. This fact strongly suggests that Rh 3+ occupies Ti 4+ (0.064 nm) sites, leaving Sr 2+ vacancies. 9 Our preliminary calculation regarding the cohesive energy of the Rh-STO also supports this model. Also the excess Ti (smallest ion in the system) may have occupied interstitial sites which are supported by lattice expansion shown in the XRD. Figures 1(a)-1(d) show the SEM image of Rh-STO and STO with Au and Ag nanoparticle on it. Ag and Au NPs were uniformly dispersed and the probability for agglomeration or aggregation of the particles on the STO surface is not very high.
From UV-vis transmission spectra in Figure 1 (e), strong absorption (transmission drop) was observed for all the samples in the UV region due to band to band transition for STO. The transmission spectrum for Rh-STO shows moderate increase in the absorption compared to STO in the near visible region indicating the formation of impurity levels in the band gap and the optical excitations involving these levels. Coupling with Ag NPs increases the visible light absorption of Ag/Rh-STO due to LSPR of Ag NPs while coupling with Au NPs and STO shows a separate absorption peak around 600 nm. The PEC measurement is presented in Figure 2 . For all the photoelectrodes, the rise and fall of the photocurrent correspond to the switching of the illumination. This pattern of photocurrent was highly reproducible for more than ten cycles. The short-circuit photocurrent density of the STO photoelectrode is 0.12 µA/cm 2 , and the photocurrent densities of Rh-STO, Ag/Rh-STO, and Au/Rh-STO photoelectrodes are 0.25, 0.6, and 0.19 µA/cm 2 , respectively. Here, it should be noted that STO produces anodic photocurrent, while doping with Rh produces cathodic photocurrent. Furthermore, coupling with Ag NPs enhances the cathodic photocurrent by a factor of 2, while no significant enhancement in cathodic photocurrent is observed with Au NPs loading.
It is known that the photocurrent density can be affected by several factors. We carried out X-ray photoelectron spectroscopy (XPS) measurements to examine the valence states of Rh in Rh-doped STO nanofilms. The high-resolution Rh 3d spectrum shown in Figure 3 (a) reveals that the doublet peaks at 313.1 and 308.1 eV, which are assigned to Rh 3+ states. 17 Moreover, when we compare the Ti and Sr peaks in pristine STO to those in Rh-STO as shown in Figures 3(b) and 3(c Figure S2 and table S1 of the supplementary material). 32 states. This indicates that substitution by Rh takes place preferentially at Ti 4+ sites rather than at the Sr 2+ sites which are in agreement with the XRD results. The short circuit photocurrents of STO, Rh-STO, Au/Rh-STO, and Ag/Rh-STO were measured at various wavelengths ( Figure S3 of the supplementary material), 32 to plot the action spectrum of incident photon-to-current efficiency (IPCE) vs. photon wavelength as shown in Figures 4(a)-4(d) .
The transmittance spectrum was also plotted with action spectrum which is observed to be almost correlated in all the cases. Furthermore, a comparison of IPCE values is shown from 400 to 600 nm for all the photoelectrodes in Figure 4 (e) where a visible light enhancement is seen with Rh doping and is further increased by the loading of Ag nanoparticles. The enhancement observed in the region from 400 to 470 nm in the case of Ag/Rh-STO could be related to plasmon from the small (<10 nm) Ag nanoparticles. Also a measurable photoresponse was observed in the visible range up to 600 nm, which is due to aggregated (>10 nm) particles. Whereas in the case of Au, a measurable photoresponse was observed only up to 530 nm. STO is an n-type semiconductor where the majority charge carriers are electrons. Generally in n-type semiconductors, due to the built-in electric field, the electrons flow towards the bulk (ITO in our case) and this results in anodic photocurrent. Whereas in case of Rh-STO, which is aligned p-type with respect to the solution, the electrons flow towards the electrolyte solution. 25 As seen from the IPCE spectrum, loading Ag and Au nanoparticles facilitates the generation of hot carriers at wavelength longer than 400 nm and most possibly also promotes the charge separation under the influence of Schottky barrier at the metal STO interface.
As Ag/Rh-STO shows enhancement in the visible range. We believe that there are two possible pathways in which the charge transfer could occur leading to visible light enhancement in Ag/Rh-STO films. It has been noted earlier that Ag plasmons exert intense electric field in the local spot region. 26, 27 In our case, a strong local electric field on the Rh-STO films is exhibited by the presence of Ag plasmon particularly in the range of 400-480 nm. Due to this intense electric field, the electrons are excited from the deep Rh 3+ dopant level to conduction band near the Ag/STO interface region thereby facilitating the flow of cathodic photocurrent from the STO surface to the solution. It has been known that the hot electrons with energies higher than the Schottky barrier energy can be injected from the Fermi level (of the metal) to the conduction band of n-type semiconductor. By contrast, for the case of p-type semiconductor, the energy barrier (Φ B2 ) between Fermi level and the top of valence band is smaller than the energy barrier (Φ B1 ) between Fermi level and the bottom of conduction band; in our case, the values for Φ B1 and Φ B2 are calculated to be 2.2-2.4 eV and 0.8 28 and the work function of the silver is 4.5-4.7 eV. 29 Hence, here hot holes become major carriers to overcome the Schottky barrier and generate cathodic photocurrents 30, 31 (see Fig. 5 ). Furthermore, we believe that the injection of hot holes into the valence band of Rh-STO must have been taken place to meet the charge compensation. Indeed, this process can be highly promoted in the presence of strong electromagnetic field (more than tenfold compared to incident light field amplitude) at the STO-Ag interface originating from LSPR of Ag NPs (supplementary material (Figure S5)) . 32 There will be hot electron injection from Ag to STO but the excited electron falls back again into the Ag Fermi level leading to the cancellation of the charge separation and carrier movements. Regarding the Au/Rh-STO, the LSPR energy (ca. 600 nm) is lower than the Schottky barrier of Au/STO interface, and furthermore, factor such as migration of Au atoms into STO might also deteriorate the photoresponse.
In conclusion, we have fabricated smooth nanometer-thick SrTiO 3 films by wet chemical route and have studied the photocurrent characteristics of the pristine STO, Rh-doped STO, and Ag/Rh-STO. A cathodic photocurrent was observed with Rh-doped STO and it was further enhanced effectively with Ag nanoparticle loading. The IPCE spectrum correlates well with the absorption spectrum taken from each photoelectrode. Especially, the effect of Ag LSPR excitation energy on the visible catalytic activity was clearly demonstrated. The present work exemplifies the synergetic effect of localized surface plasmon resonance and impurity doping on the catalytic activity enhancement of the oxide catalyst. The results presented here will provide useful information towards the development of effective PEC cell operative under the solar light illumination.
